Introduction
============

The genomes of bacteria that maintain an obligately intracellular lifestyle share a number of commonalities, including an accelerated rate of sequence evolution, biased nucleotide composition, and reductions in total size and gene content ([@evt044-B2]; [@evt044-B25]; [@evt044-B21]). In addition, obligate or "primary" endosymbionts in insects exhibit an unusually high degree of stability in genome structure. This was first observed in the aphid endosymbiont *Buchnera aphidicola* when complete genomes were sequenced from a pair of host species with a fossil-based divergence time of more than 50 Myr ([@evt044-B31]; [@evt044-B38]). Despite extensive divergence in sequence and numerous gene losses, these genomes retain perfectly conserved synteny. Subsequent studies of *Buchnera* in more anciently diverged aphid hosts and endosymbionts in other insect groups confirmed that genomic stability is common in these bacteria ([table 1](#evt044-T1){ref-type="table"}). In addition, organelle genomes in many eukaryotic lineages exhibit similar stability, suggesting that structural conservation is a recurrent phenomenon in anciently derived endosymbionts. For example, plastid genome structure is essentially identical in most flowering plants, indicating that it has been maintained since the most recent common ancestor of this group ([@evt044-B28]). Similarly, most vertebrate mitochondrial genomes share the exact same gene order ([@evt044-B4]). Table 1Obligate Insect Endosymbionts for Which Multiple Complete Genomes Have Been SequencedSymbiontHost GroupGenomes[^a^](#evt044-TF1){ref-type="table-fn"}InversionsPhylogenetic History[^b^](#evt044-TF2){ref-type="table-fn"}References*Blattabacterium*Cockroaches52\>600 Myr[@evt044-B51]; [@evt044-B57], [@evt044-B58]); [@evt044-B54]; and [@evt044-B49]*Blochmannia*Carpenter ants30\>40 Myr[@evt044-B48]; [@evt044-B46]; and [@evt044-B60]*Buchnera*Aphids71\>400 Myr[@evt044-B31]; [@evt044-B38]; [@evt044-B59]; [@evt044-B55]; [@evt044-B47]; and [@evt044-B50]*Carsonella*Psyllids60\>300 Myr[@evt044-B26] and [@evt044-B33]*Sulcia*Auchenorrhyncha40\>600 Myr[@evt044-B52], [@evt044-B53]); [@evt044-B20]; and [@evt044-B42]*Wigglesworthia*Tsetse flies21\>100 Myr[@evt044-B45] and [@evt044-B56]*Portiera*Whiteflies217\<200 Myr[@evt044-B34] and present study[^3][^4]

Notably, the recent genome sequencing of the obligate endosymbiont from the whitefly *Bemisia tabaci* identified multiple structural features that distinguish it from other obligate insect endosymbionts ([@evt044-B34]). In particular, the genome of this species (*Candidatus* Portiera aleyrodidarum, hereafter referred to as *Portiera*) contained two pairs of perfectly duplicated dispersed repeats (172 and 349 bp) and exhibited unusually large intergenic regions, with intact gene sequences accounting for only 69.4% of the genome. The rarity of large intergenic regions in bacteria has been explained by an observed excess of deletion mutations relative to insertions, which purge nonfunctional sequence from the genome ([@evt044-B23]). Therefore, cases of low gene density in bacteria have been interpreted as the result of either a relaxation of this deletion bias ([@evt044-B13]) or a rapid rate of gene inactivation that exceeds the rate at which pseudogenes are deleted from the genome ([@evt044-B41]).

Assembly of the *Portiera* genome also revealed evidence of structural variation within the pooled DNA sample used for sequencing ([fig. 1](#evt044-F1){ref-type="fig"}), raising the possibility of a more dynamic history of structural evolution than typically observed in obligate insect endosymbionts ([@evt044-B34]). Here, we take advantage of the availability of additional *Portiera* genomes that were independently sequenced from different populations and biotypes in the *B. tabaci* species complex ([@evt044-B29]; [@evt044-B11]). We also report the complete *Portiera* genome from the distantly related host species *Trialeurodes vaporarium*. We show that the *Portiera* genome has experienced a number of changes in gene content and genome architecture in the *B. tabaci* lineage. These changes have been associated with a dramatic increase in the rate of structural rearrangements, providing insight into the mechanisms responsible for the high level of genomic stability that is typically observed in ancient endosymbionts. F[ig]{.smallcaps}. 1.---Genome maps of *Portiera* BT-B and TV. Colored lines on the outer ring represent blocks of conserved synteny between the two genomes. Blue and yellow bands on the inner ring represent annotated genes on the forward and revere strands, respectively. The black bars on the inner ring reflect the proportion of microsatellite sequence in that region. The internal lines indicate paired-end conflicts, in which the forward and reverse sequencing reads map to locations that are inconsistent with the library insert size (∼450 bp). Clusters of read pair conflicts associated with identical repeats in the *Portiera* BT-B genome are highlighted in red, and the location of the corresponding repeats are indicated by short red lines.

Materials and Methods
=====================

*Portiera* Genome Sequences
---------------------------

Previously sequenced *Portiera* genomes from the *B. tabaci* host species complex were obtained from GenBank ([@evt044-B29]; [@evt044-B34]; [@evt044-B11]), including two sequences from *B. tabaci* biotype B (*Portiera* BT-B) and two from biotype Q (*Portiera* BT-Q). Two additional whitefly collections were made in June 2012. *Trialeurodes vaporarium* was collected from the Yale University Marsh Botanical Garden greenhouse (New Haven, CT), and a new collection of *B. tabaci* biotype B was taken from the Yale University West Campus greenhouse (West Haven, CT). Whitefly species identity was confirmed by sequencing a portion of the mitochondrial COI locus, and populations from each collection were maintained in laboratory colonies growing on cowpea (*Vigna unguiculata*).

The *T. vaporarium* colony was used to sequence the complete *Portiera* genome (*Portiera* TV), using methods described previously ([@evt044-B33], [@evt044-B34]). In brief, total insect DNA was extracted from a pool of multiple individuals and used for 2 × 76 bp paired-end sequencing on an Illumina HiSeq2000 at the Yale Center for Genome Analysis. Sequencing reads from the *Portiera* genome were identified and assembled into a closed circle, using a combination of Velvet v1.1.06 ([@evt044-B44]), MIRA v3.4.0 ([@evt044-B6]), and SOAP v2.21 ([@evt044-B15]). Annotation was performed independently with the JGI IMG-ER pipeline ([@evt044-B18]) and the IGS Annotation Engine ([@evt044-B9]). Annotation results were then manually curated, and the finished *Portiera* TV genome sequence was submitted to GenBank (CP004358).

Analysis of Structural Variation in the *Portiera* BT Genome
------------------------------------------------------------

Three methods were used to analyze structural variation within the *Portiera* BT genome. First, paired-end Illumina reads from the original *Portiera* BT-B assembly ([@evt044-B34]) were mapped to the genome with SOAP v2.21 ([@evt044-B15]) to identify conflicting read pairs that were consistent with intragenomic recombination between repeats. Second, polymerase chain reaction (PCR) primers were designed in regions flanking repeat sequences and used to amplify all possible products that could be generated by repeat-mediated recombination. Amplification was performed with total insect DNA from individual whiteflies (2012 West Haven collection), using standard PCR techniques. Third, DNA gel blots (i.e., Southern blots) were generated with total insect DNA and hybridized with probes located adjacent to repeats in the *Portiera* BT genome. DNA was extracted from individual insects and pooled samples (all from the aforementioned *B. tabaci* biotype B laboratory colony), digested with restriction enzymes (or left uncut), resolved on 0.8% agarose gels, and transferred to positively charged nylon membranes (Roche) by capillary blotting. Digoxigenin probe labeling, hybridization, and chemiluminescent detection were performed with the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche). Blots were imaged with an ImageQuant LAS 4000 (GE Healthcare). Primer sequences used to amplify probes are provided in [supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online. Because of the large gap between the 5.1-kb and 21.2-kb bands in the Roche DIG-labeled ladder ([fig. 2](#evt044-F2){ref-type="fig"}), we ran this ladder side-by-side with an unlabeled Invitrogen 1 kb plus ladder on the same gel used for blotting. This portion of gel was cut off and stained with ethidium bromide to allow for more accurate interpolation of fragment sizes in the DNA gel blot. F[ig]{.smallcaps}. 2.---Evidence that a 6.1-kb sequence exists in a variable number of tandem copies in *Portiera* BT genomes. Two alternative structural models are consistent with the observed read pair conflicts ([fig. 1](#evt044-F1){ref-type="fig"}). (*A*) The 6.1-kb sequence (red) flanked by identical 349-bp repeats (black lines) could interconvert between an integrated form and a separate subcircle form via repeat-mediated recombination. (*B*) Alternatively, the sequence could exist in a variable number of tandem copies, falsely implying the existence of a subcircular form. (*C*) Map of target region within the *Portiera* BT-B genome as originally reported with a single integrated copy of the 6.1-kb sequence flanked by 349-bp repeats (red boxes). (*D*) Predicted fragment sizes resulting from hybridizing digested *Portiera* DNA with a probe located within the 6.1-kb sequence. "HMW" indicates high molecular weight. (*E*) DNA gel blot hybridization, probing for sequence within the 6.1 sequence. In conflict with model A, uncut and SpeI samples show no evidence of the predicted 6.5-kb circular molecule that would consist of the 6.1-kb sequence and one copy of the 349-bp repeat. Instead, the SpeI digests show a range of fragment sizes that are consistent with the expectations for the coexistence of chromosomes with anywhere from one to four (or more) tandem copies of this sequence, supporting model B. Inferred sizes of key bands are indicated on the right.

Measurement of Indel Spectrum
-----------------------------

To estimate the relative frequency of insertions versus deletion mutations in *Portiera* BT, intergenic regions from the four sequenced genomes were aligned with MUSCLE v3.7 ([@evt044-B7]), and indels that were unique to only one of the four genomes were identified. Because we used two reciprocally monophyletic pairs of *Portiera* genomes (two from *B. tabaci* biotype B and two from biotype Q), we were able to apply a simple parsimony assumption to predict that these unique indels represent recent mutations (i.e., the derived state). We excluded any indels that overlapped with indels in other *Portiera* BT genomes because of ambiguity in inferring the ancestral state in these cases. Extraction of intergenic regions and detection of indels were performed with custom Perl scripts and BioPerl modules ([@evt044-B36]).

Identification of Tandem Repeats
--------------------------------

Phobos v3.3.12 was used to identify all tandemly repeating sequences with a total length of at least 18 bp and a unit size of up to 40 bp in the genomes of *Portiera* and other representative insect endosymbionts. The Phobos analysis was conducted in "exact" search mode.

Gene-Order Phylogeny and Relative Rates of Sequence and Structural Evolution
----------------------------------------------------------------------------

To examine the history of genome rearrangement in *Portiera*, a set of 145 protein genes with orthologs in *Portiera* BT, *Portiera* TV, and some related species of Gammaproteobacteria (*Candidatus* Carsonella ruddii, *Chromohalobacter salexigens*, *Halomonas elongata*, *Pseudomonas aeruginosa*, and *Escherichia coli*) was identified with reciprocal Basic Local Alignment Search Tool (BLAST) searches. Three different phylogenetic reconstruction methods were used to infer the relationships among these species on the basis of the order and orientation of these genes within each genome. First, the program MGR v2.01 was used to identify the topology requiring the fewest number of inversions to explain structural differences among the set of circular genomes ([@evt044-B5]). Second, the gene order data were analyzed with TIBA, using a neighbor-joining algorithm and 100 bootstrap replicates ([@evt044-B17]). Finally, a Bayesian analysis was implemented in BADGER v1.02b with five independent search chains of 50 million cycles each and a sample interval of 1,000 cycles ([@evt044-B14]). The first 20,000 sampled trees from each chain were discarded as burn-in.

To test for differences in the frequency of rearrangements in *Portiera* genomes from *B. tabaci* and *T. vaporarium*, we applied a relative rate test ([@evt044-B30]) with the outgroup *Ca.* Carsonella ruddii ([@evt044-B26]) and pairwise inversion distances calculated with GRIMM v2.01 ([@evt044-B39]). Significance was assessed by generating 10,000 simulated rearrangement data sets with the same number of genes and total inversions as observed in our analysis. Comparisons of the rate of amino sequence evolution between *Portiera* BT and *Portiera* TV were conducted using Tajima's relative rate test ([@evt044-B37]) with the outgroup *C*. *salexigens*. This outgroup was chosen instead of the more closely related *Ca.* Carsonella ruddii, because its slower rate of amino acid substitution has resulted in less overall sequence divergence.

Results
=======

Structural Polymorphisms Exist within Individual Insects in the *Portiera* BT Genome
------------------------------------------------------------------------------------

Comparisons among four published *Portiera* BT genomes ([@evt044-B29]; [@evt044-B34]; [@evt044-B11]) found that they differed with respect to the presence of a 6.1-kb sequence that contains three genes (*yidC*, *trmE*, and *gidA*). This variation was not associated with host biotype, because the sequence was reported in one of the two published *Portiera* genomes from each of the *B. tabaci* biotypes. The 6.1-kb sequence is flanked on either side by copies of a 349-bp repeat that was previously reported to be associated with paired-end read conflicts, suggesting the coexistence of alternative genome structures ([@evt044-B34]). By performing PCR with pairwise combinations of primers from regions flanking these repeats, we found evidence for the existence of all four possible structural conformations within individual insects ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online). Because repeat-mediated recombination can be a PCR artifact ([@evt044-B1]), we also used DNA gel blot hybridizations as an amplification-free method to verify the existence of alternative structures in both individual and pooled DNA samples ([fig. 2](#evt044-F2){ref-type="fig"} and [supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online). All three methods (PCR, DNA gel blot hybridizations, and analysis of paired-end sequencing conflicts) also identified alternative structures associated with a second pair of (172 bp) repeats that are found in the ancient paralogs *prfA* and *prfB* ([fig. 1](#evt044-F1){ref-type="fig"} and [supplementary figs. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) and [S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online).

In both cases, repeat pairs occur in the same (i.e., direct) orientation within the genome. Therefore, recombination between repeats could potentially result in interconversion between a main circular chromosome and sets of subgenomic circles, similar to the multipartite model of genome organization described decades ago in plant mitochondria ([@evt044-B27]). In the case of the repeats flanking the 6.1-kb sequence, DNA gel blot hybridizations identified a strong 6.5-kb band in samples digested with EcoRV, which has a single recognition sequence in this region. Although this result is consistent with the expectations for a linearized subcircle containing the 6.1-kb sequence and one copy of the flanking 349-bp repeat, we found no evidence of a 6.5-kb circular molecule in uncut DNA samples or samples digested with SpeI, which lacks any recognition sequences within the 6.1-kb region. Instead, this sequence appears to exist predominantly or exclusively in an integrated form within the main chromosome, often occurring in tandem arrays. This model is consistent with the EcoRV digest results, because tandem repeats map as circles. It is also supported by the detection of SpeI fragments that are consistent with expectations for anywhere from a single copy to four (or more) tandem copies of this sequence ([fig. 2](#evt044-F2){ref-type="fig"}).

Interestingly, in spite of the evidence that the 6.1-kb sequence often exists as part of a tandem repeat, shotgun sequencing of this genome ([@evt044-B34]) produced a very similar average read depth in this region (265×) when compared with the rest of the genome (255×). This can be explained by the fact that the majority of chromosomes do not have any copies of the 6.1-kb region, roughly balancing the chromosomes with multiple copies ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online). Conversely, the majority of copies of the 6.1-kb sequence exist on chromosomes carrying more than one copy ([fig. 2](#evt044-F2){ref-type="fig"}). In addition to the evidence from relative band intensities in hybridizations, these inferences are supported by the large percentage of read pairs (81.3%) that conflict with a genome conformation that contains a single integrated copy of the 6.1-kb sequence. Therefore, the structural differences between *Portiera* BT genomes reported in the literature ([@evt044-B34]; [@evt044-B11]) appear to reflect different chromosomal forms that co-occur within insects rather than differences among the particular strains that were chosen for sequencing.

Because the *prfA*/*prfB* repeats are separated by a distance of more than 150 kb, we did not attempt to confirm whether the two large genomic subcircles predicted to result from intramolecular recombination actually occur in vivo. However, both hybridization band intensity ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online) and read pair conflicts indicate that the chimeric genes resulting from recombination between *prfA* and *prfB* are rare relative to the "normal" conformation. Only 6.4% of read pairs support the chimeric structures.

Ancient and Ongoing Gene Conversion in *Portiera*
-------------------------------------------------

The existence of identical repeat sequences in *Portiera* is evidence of active gene conversion in these endosymbionts. As noted earlier, all four sequenced *Portiera* BT genomes contain a pair of 172-bp repeats in homologous regions of *prfA* and *prfB*, which encode enzymes that terminate translation by recognizing UAR and URA stop codons, respectively. Despite extensive divergence between these ancient paralogs, their distant sequence homology appears to have provided a template for gene conversion ([fig. 3](#evt044-F3){ref-type="fig"}*a* and *b*). The location of the repeats corresponds to a highly conserved region ([fig. 3](#evt044-F3){ref-type="fig"}*c*), containing a GGQ tripeptide that interacts with the ribosome to mediate polypeptide release ([@evt044-B24]). The amino acid motifs that determine stop codon specificity ([@evt044-B10]) are found outside the region affected by gene conversion in *Portiera*, suggesting that both paralogs retain their ancestral function. The history of gene conversion between *prfA* and *prfB* appears to be relatively ancient, preceding the divergence of the *Bemisia* and *Trialeurodes* host lineages, as the *Portiera* TV genome contains a pair of identical 56-bp repeats in the same region ([fig. 3](#evt044-F3){ref-type="fig"}*c*). Gene conversion has also remained active in these genomes on recent timescales, as indicated by the occurrence of identical substitutions in both paralogs in one of the *Portiera* BT-Q genomes, maintaining perfect sequence identity between the repeat copies in each genome ([fig. 3](#evt044-F3){ref-type="fig"}*b*). F[ig]{.smallcaps}. 3.---Gene conversion between peptide release factor genes *prfA* and *prfB*. In bacteria, these sequences typically cluster by gene rather than by species (*A*), reflecting the ancient origin of the paralogs by gene duplication. However, in *Portiera*, *prfA* and *prfB* contain a region of perfect sequence identity, presumably arising by gene conversion and concerted evolution (*B*). Both trees were inferred by neighbor joining with 1,000 bootstrap replicates, using the portion of the gene that has undergone gene conversion in *Portiera*. This region coincides with the part of the gene that has experienced the highest degree of sequence conservation in other species (*C*). The plot shows the amount of amino acid sequence identity between aligned *prfA* and *prfB* sequences in *Escherichia coli* with a sliding window of 50 amino acids. The *Portiera* gene conversion region is highlighted in red, with the lighter shading representing the regions that are identical in *Portiera* BT but not in *Portiera* TV.

Extensive Genomic Rearrangements in *Portiera*
----------------------------------------------

The *Portiera* genome sequences from two divergent host lineages, *B. tabaci* and *T. vaporarium*, share similar gene complements ([table 2](#evt044-T2){ref-type="table"}) but are highly rearranged with respect to each other ([fig. 4](#evt044-F4){ref-type="fig"}). A minimum of 17 inversion events is required to explain the differences in gene order between these genomes. The rearrangements have accumulated asymmetrically between the two host lineages with the majority occurring in *B. tabaci* ([fig. 5](#evt044-F5){ref-type="fig"}*d*) (relative rate test; *P* \< 0.01). The acceleration in the rate of structural evolution in the *Portiera* BT genome appears to have coincided with an increased substitution rate ([@evt044-B40]). Relative rate tests identified 69 protein-coding genes with a significantly higher rate of amino acid substitutions in *Portiera* BT than in *Portiera* TV (at an uncorrected significance level of α = 0.05), whereas the reverse was true for only one gene. The structural rate analysis was performed with *Ca.* Carsonella ruddii, the obligate endosymbiont of psyllids, as an outgroup. Phylogenetic inferences based on gene-order support earlier sequence-based analyses that suggested that these two insect endosymbionts form a monophyletic group ([fig. 5](#evt044-F5){ref-type="fig"}*a*--*c*) ([@evt044-B35]; [@evt044-B40]; [@evt044-B34]). F[ig]{.smallcaps}. 4.---Extensive rearrangements in the *Portiera* genome since the divergence of the *Bemisia tabaci* and *Trialeurodes vaporarium* host lineages. Black and gray dots indicate genes shared between the two genomes in forward and reverse orientation, respectively. F[ig]{.smallcaps}. 5.---Phylogenetic relationships among select Gammaproteobacteria as inferred from gene order and orientation with MGR (*A*), TIBA (*B*), and BADGER (*C*). Bipartition support is indicated with bootstrap values and Bayesian posterior probabilities from the TIBA and BADGER analyses, respectively. A relative rate test using *Carsonella* as the closest outgroup to *Portiera* found that inversions had accumulated asymmetrically in the *Portiera* BT genome (*D*). Table 2Genomic Features of *Portiera* BT and TV*Portiera* BT-B*Portiera* TVGenome size (bp)358,242280,663GC (%)26.224.7Coding sequence (%)69.496.3Genes292306    Protein256269    tRNA3334    rRNA33GenBank accessionCP003708CP004358

Proliferation of Short Tandem Repeats and the Indel Spectrum in *Portiera* BT Intergenic Regions
------------------------------------------------------------------------------------------------

Despite containing a slightly larger number of genes, the *Portiera* TV genome is approximately 20% smaller in size than its counterparts in *B. tabaci* ([table 2](#evt044-T2){ref-type="table"}). The size difference reflects the presence of much longer intergenic sequences in *Portiera* BT ([fig. 6](#evt044-F6){ref-type="fig"}), which may have resulted from a relaxation of the typical bias in the indel mutation spectrum. In contrast to the pattern observed in other bacteria ([@evt044-B23]; [@evt044-B13]), recent intergenic indels in *Portiera* BT do not exhibit an excess of deletions ([fig. 7](#evt044-F7){ref-type="fig"}). Notably, the *Portiera* BT indel spectrum is highly enriched for 7-bp changes ([fig. 7](#evt044-F7){ref-type="fig"}). All these indels occur in the context of short tandem repeats, and the distribution of tandem repeat lengths in the *Portiera* BT genome exhibits a dramatic spike at 7 bp that is not found in other insect endosymbionts, including *Portiera* TV ([fig. 8](#evt044-F8){ref-type="fig"}). These repeats are concentrated in intergenic regions ([fig. 1](#evt044-F1){ref-type="fig"}) and spatially correlated with structural variation in the *Portiera* BT genome identified by paired-end read conflicts (*r* = 0.45; *P* \< 0.0001). In contrast, tandem repeats in the *Portiera* TV genome are rare and not significantly correlated with paired-end read conflicts (*r* = 0.03; *P* = 0.43). F[ig]{.smallcaps}. 6.---Abnormally large intergenic regions in the *Portiera* BT genome. Gray shading connects orthologous genes that are shared between strains in a region of conserved synteny. Yellow blocks represent genes without an intact ortholog in the other strain. F[ig]{.smallcaps}. 7.---Size distribution of indels in *Portiera* BT. F[ig]{.smallcaps}. 8.---Frequency of short tandem repeats in genomes of obligate insect endosymbionts.

Accurately characterizing an indel spectrum requires high-quality genome sequences and an appropriate model for inferring ancestral states. In identifying indels that were unique among the four *Portiera* BT genomes, we found that the two genomes from *B. tabaci* biotype B exhibited a higher degree of similarity than the two from biotype Q. Although we identified numerous indels between the two *Portiera* BT-B genomes, these only occurred in structurally variable regions that were not conserved with *Portiera* BT-Q and, therefore, had to be excluded from the analysis. We found that 23 of 28 of the short indels (\<4 bp) that were unique to one of the two *Portiera* BT-Q genomes were in or adjacent to single-nucleotide repeat regions (homopolymers). By itself, this is not surprising because homopolymers are prone to high rates of indel mutations, but we unexpectedly found that a clear majority (18 of 23) of these indels occurred in one of the two genomes (GenBank accession CP003835). Although this genome may have experienced a higher rate of structural change, it is also possible that some of the homopolymer-associated indels in this genome represent sequencing errors, because it was generated largely with the Roche 454 platform, a technology that is known to produce imprecise estimates of homopolymer length ([@evt044-B29]). Therefore, sequencing errors probably added noise to our estimate of the indel spectrum. Although these inaccuracies should not pertain to the large number of indels found in microsatellite regions, short tandem repeats are prone to recurrent mutations (homoplasy) and, therefore, may violate our parsimony assumption for inferring ancestral states. Consequently, although we find no evidence of a deletion bias in *Portiera* BT, a more definitive characterization of the indel spectrum will require additional data.

Loss of DNA Replication, Recombination, and Repair Machinery in *Portiera* BT
-----------------------------------------------------------------------------

The *Portiera* BT and TV genomes share 277 genes in common. Notably, these shared genes include those encoding enzymes for the biosynthesis of essential amino acids and of carotenoids ([@evt044-B34]), indicating that provisioning of these compounds to hosts is an ancient function of *Portiera* that has been preserved through purifying selection*.* After excluding loci that are annotated only as hypothetical proteins, there are 27 genes that are present in *Portiera* TV but have been lost from *Portiera* BT and only four genes for which the reverse is true. The set that has been recently lost from *Portiera* BT is highly enriched for genes involved in DNA replication, recombination, and repair ([table 3](#evt044-T3){ref-type="table"}). Table 3DNA Replication, Recombination, and Repair Genes that Are Present in *Portiera* TV but Have Been Lost from the *Portiera* BT LineageGene IDProduct Description*dnaN*DNA polymerase III subunit beta*dnaQ*DNA polymerase III subunit epsilon*dnaX*DNA polymerase III subunit gamma and tau*holA*DNA polymerase III subunit delta*holB*DNA polymerase III subunit delta\'*mutL*DNA mismatch repair protein MutL*ruvC*Crossover junction endodeoxyribonuclease RuvC*ssb*Single-stranded DNA-binding protein

Discussion
==========

The history of structural rearrangements and the presence of large, repetitive intergenic regions in the *Portiera* BT genome stand in obvious contrast with observations in other obligate insect endosymbionts, including *Portiera* strains from other whitefly hosts. Therefore, the evolution of genome architecture in *Portiera* provides an opportunity to understand the mechanisms responsible for the genomic stability that typically characterizes ancient endosymbionts. One potential explanation holds that ancient endosymbionts experience an unusually low rate of structural mutations because pervasive loss of genes required for DNA recombination and repair has left them without the molecular machinery necessary to generate chromosomal inversions ([@evt044-B38]; [@evt044-B32]). This hypothesis was devised to explain the observed chromosomal stability in the aphid endosymbiont *Buchnera*, which lacks the widely conserved recombination gene *recA*. However, subsequent studies of insect endosymbionts that have retained *recA* (e.g., *Blattabacterium*, *Carsonella*, and *Wigglesworthia*) revealed similar levels of genome stability, undermining this hypothesis ([table 1](#evt044-T1){ref-type="table"}). Our results cast further doubt on the role of gene loss in promoting structural stability. *Portiera* BT contains one of the most reduced sets of DNA replication, recombination, and repair genes ever identified in a cellular genome, consisting of only the DNA polymerase III alpha subunit gene *dnaE*, the replicative DNA helicase gene *dnaB*, and the mismatch repair gene *mutS*. In spite of its paucity of recombination-related genes, however, the *Portiera* BT genome has experienced numerous inversions. In addition, the evidence for gene conversion ([fig. 3](#evt044-F3){ref-type="fig"}) and the coexistence of alternative structures ([fig. 2](#evt044-F2){ref-type="fig"} and [supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt044/-/DC1) online) indicate that at least some recombination mechanisms are active in *Portiera* BT.

An alternative explanation for the atypical pattern of structural evolution in the *Portiera* BT genome is that the presence of large and repetitive intergenic regions promotes rearrangements. Intergenic regions are generally small in bacteria, and, in some obligate insect endosymbionts, gene density is so high that protein-coding sequences often overlap ([@evt044-B26]; [@evt044-B20]). In addition, obligate endosymbionts with an ancient history of vertical transmission generally lack large repeats arising from mobile sequences such as insertion elements and phage, which are often found in free-living bacteria ([@evt044-B21]). The expanded intergenic regions in *Portiera* BT could accelerate structural evolution through at least two mechanisms. First, repetitive content in these regions may directly increase the rate of structural mutations. Dispersed repeats can generate inversions via recombination, whereas tandem-repeat-rich sequences may be a source of replication errors and DNA breakage. Second, the reduced density of functional elements in intergenic regions may make them more likely to tolerate rearrangements even if structural mutations do not arise at a higher rate. At this point, it is not clear whether the effects of expanded intergenic regions might be mediated through changes in selection, mutation rate, or a combination of both.

Although the presence of large intergenic regions and repetitive content is unusual in the genomes of obligate endosymbionts, it is not unprecedented. The recent sequencing of the genome of *Candidatus* Tremblaya princeps, the primary endosymbiont of mealybugs, revealed a number of parallels with the *Portiera* BT genome, including reduced gene density and the presence of perfect repeats and a polymorphic inversion ([@evt044-B22]). Paradoxically, the reduced gene complements involved in DNA replication, recombination, and repair in both *Tremblaya* and *Portiera* BT appear to be insufficient to mediate the recombinational processes that are clearly active in their respective genomes. *Tremblaya* holds the remarkable distinction of harboring another bacterial species (*Candidatus* Moranella endobia) inside its own cells, and this nested endosymbiont likely compensates for the loss of some metabolic pathways and genetic machinery in *Tremblaya* ([@evt044-B22]). In contrast, there is no evidence of a nested endosymbiont within *Portiera* (although other bacterial symbionts can be found within whitefly cells), raising the possibility that host-encoded genes mediate some fundamental genetic processes in *Portiera*.

The loss of *dnaQ* from the *Portiera* BT genome is particularly striking. This gene encodes the epsilon subunit of DNA polymerase III and is responsible for 3′ to 5′ exonuclease proofreading during DNA replication. It is nearly universal in bacteria and has been maintained even in the most extreme examples of endosymbiotic genome reduction (e.g., *Tremblaya*, *Hodgkinia*, and *Carsonella*) ([@evt044-B25]). Mutations that reduce the catalytic activity of this enzyme have strong mutator effects, and *dnaQ* null mutants have severe, often lethal, growth phenotypes, resulting from the extreme rate of replication errors ([@evt044-B16]; [@evt044-B8]). Amino acids substitutions in this gene have also been shown to increase the instability of microsatellite regions ([@evt044-B43]). Therefore, the loss of *dnaQ* and other DNA replication and repair genes in *Portiera* BT likely contributed to the observed increases in nucleotide substitution rate and microsatellite content in this lineage and suggests that gene loss can play a central role in shaping the evolution of genome architecture.

Most whitefly species are confined to woody plants and restricted geographic ranges, and the *B. tabaci* complex is unusual in colonizing a wide range of herbaceous plants throughout all warm areas of the world ([@evt044-B19]). The complex may comprise as many as 30 distinct species in 11 major lineages, and it shows considerable geographic structure and mitochondrial sequence divergence, suggesting an age of at least several million years ([@evt044-B3]). Whether a connection exists between the unusual chromosome instability of *Portiera*-BT and the unusual biology of the *B. tabaci* complex might be clarified through further characterization of *Portiera* genomes from different whitefly groups.

The maintenance of structural polymorphisms in the *Portiera* BT genome raises important functional questions. We confirmed that the polymorphisms are shared among geographically isolated populations and that they are even present within individual insects. Thus, the recent suggestion that the different *Portiera* chromosomal arrangements may distinguish different host biotypes ([@evt044-B11]) appears not to be supported, at least not for the B biotype that we studied. Given that endosymbiont genomes often exist at very high copy numbers ([@evt044-B12]; [@evt044-B42]), it is also likely that these structural variants coexist within individual bacterial cells. Because one of the repeat pairs occurs within paralogous protein-coding genes, recombination between these repeats generates chimeric *prfA*/*prfB* open reading frames. However, it is not clear whether these chimeras are expressed (and functionally relevant) or whether they are simply generated as a nonadaptive byproduct of recombination between identical repeats. We also found that *Portiera* BT chromosomes contain anywhere from zero to four (or more) tandem copies of a 6.1-kb sequence that is flanked by 349-bp repeats. Because this sequence contains multiple genes, it is likely that the observed copy number variation results in functional differences among alternative chromosomes. Identifying differences in functional content and replicative ability among coexisting chromosomes would provide an opportunity to dissect the effects of natural selection acting on the hierarchical levels that exist within endosymbiotic systems (e.g., at the levels of individual chromosomes, bacteria, and insects) and to determine the extent to which conflicting selection pressures act to maintain the observed structural polymorphisms.
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